Abstract: A chemical reaction occurring in CSTR (Continuous Stirred Tank Reactor) is significantly affected by the concentration, temperature, pressure, and reacting time of materials, and thus it has strong nonlinear and time-varying characteristics.
Introduction
CSTR is a continuous stirred tank reactor, and it is widely used in the chemical industry field. A chemical reaction occurring in CSTR is significantly affected by the concentration, temperature, pressure, catalyst, and reacting time of materials.
Thus, it has strong nonlinear and time-varying characteristics, and also shows stable or unstable state depending on the operating point. Accordingly, it is one of the very difficult process to control [1] [2] .
When this process is operated at the entire operating point, parameters change depending on the change in the operating point during operation; and if an existing linear PID controller with fixed gain is applied, the performance could deteriorate or could be unstable in some cases. Therefore, to design a CSTR process controller with precise and stable performance, Therefore, for the temperature control of a CSTR process, the present study deals with the design of a fuzzy controller which is widely used for the control of complicated and uncertain systems and which shows important results. A fuzzy controller is appropriate for the temperature control of CSTR because it can deal with uncertain information, can directly express the knowledge of experts using linguistic control rules, and does not require a mathematical model of a control target [8] [9] . In this regard, a saturator that is commonly used for a control valve was considered, and an integral controller that is combined with the fuzzy controller in parallel was added in order to eliminate steady-state error. The validity of the proposed method was examined by comparing the performance with those of a nonlinear PID controller and an adaptive controller through computer simulations.
CSTR Modeling

CSTR
A reaction occurring in CSTR is either exothermic or endothermic. Thus, to maintain a constant temperature of the reactor, it needs to be cooled or heated by an external medium. To simplify the problem, it is assumed that the irreversible reaction is an exothermic reaction, and the reaction is the first order system with respect to the reactant. It is also assumed that the fluid in the reactor is well stirred, the input and output fluxes are identical, and the parameters are constant regardless of the temperature. When the material and energy conservation laws are applied to the CSTR process, the following dimensionless dynamic equations can be obtained [1] .
where   and   are the state variables that represent the con- In this regard, the   ,   , , and  in Equation (1) are made to be dimensionless as shown in Equation (2).
Considering the physical limit of the control valve that operates for temperature control in the CSTR process, it is assumed that a saturator expressed as the following nonlinear equations exists between the controller and the CSTR process.
where  min and  max are the minimum and maximum values of the saturator, respectively; and   is the output of the saturator or control input.
Thus, the control system that combined the saturator and the CSTR process can be expressed as a block diagram as shown in Figure 2 . Gaussian-type fuzzy set was used as shown in Figure 6 . For convenience, the fuzzy rules are summarized in Table   1 ; and they are interpreted as follows.
IF  is   and  is 
For the fuzzy rules, widely used rules based on the experience and knowledge of humans were used, and all the rules consisted of fuzzy relationships. For the fuzzy inference, the Max-Min method was used based on the Mamdani type; and for the defuzzification, the center of gravity method was applied. Figure 7 shows the control surface of the fuzzy PD controller. 
Computer Simulation Results
Control technique of the comparison target
Chen and Peng [4] recently suggested an adaptive controller for a system with saturator  min ≤  ≤  max , and the control input can be expressed as Equation (7).
where   is a hyperbolic tangent function, and is expressed as follows.
      exp        exp     
where   is the error between the set point and the output,  is the slope, and  is the bias.   has a value between -1 and 1, and thus,  is maintained within the limit value of the saturator.
As shown in Equation (8),   has two adjustable parameters. In particular, the size and sign of the slope  sensitively respond to the characteristics of the controller.
Thus, Chen and Peng suggested an algorithm that fixes  and adaptively adjusts only the bias   depending on the problem.
The tuning algorithm of   can be expressed as follows.
              
where  is the learning rate, and it is a positive number.
     is the value of ±1 that is determined by the response direction of the system, and it is obtained from a step Then, at = 10, it was again step-wisely increased to   = 4.705, which led to a stable equilibrium state   . Figure 9 shows the output  and the saturator output   .
As shown in the figure, both the adaptive controller of
Chen and Peng and the NPID controller of korkmaz reached the set point without a steady-state error, but the proposed method approached quickly with a smaller overshoot than those of the other two methods. In particular, for all the controllers, the overshoot of the response was larger when it was changed from   to   compared to when it was changed from   to   ; and this is considered because of the intrinsic nonlinearity of the CSTR. As for the intrinsic nonlinearity of the CSTR, the response characteristics could vary when the set point   is increased or decreased. Figure 10 shows the response where the set point   was changed to 2.75 when the process was in an equilibrium state (  = [0.765, 4 .705] T ), and the   was again stepwisely decreased to 0.886 at = 10 when the process was at   . Table 3 summarizes the performances of the three methods, similar
to Table 2 .
In particular, for the NPID controller of korkmaz, the control input showed significant hunting. The performance of the controller regarding the change in the parameter of the CSTR was examined. As the CSTR was expressed as dimensionless dynamic equations, it was not easy to consider the change in the parameter. Thus, in this study, it was assumed that the heat transfer coefficient  decreased due to the long-term use of the CSTR.
An experiment was first performed assuming a 20% decrease in the nominal value of the heat transfer coefficient  (to 0.24 from 0.3 ) (Figure 11 ), and an experiment was then performed assuming a 40% decrease to 0.18 ( Figure 12 ). As shown in the figures, the proposed method was more robust to the parameter changes than the other two methods.
In particular, when the  was decreased by 40%, the adaptive controller of Chen and the NPID of Korkmaz showed large overshoot. 
Conclusion
This study dealt with the temperature control of a CSTR process based on a fuzzy PD plus I controller. A fuzzy PD plus I controller was designed by considering a saturator that is commonly used for a control valve on the sites, combining a fuzzy PD controller in parallel with a linear integral controller, and selecting the scaling factors through trial and error. To examine the validity of the proposed method, the set-point tracking performance and the parameter change performance were compared with those of an adaptive controller and an NPID controller, and the results indicated that the control performance was improved. In the future, studies on the optimal tuning of the scaling factors using optimization tools are needed.
